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V arious temporal and spatial aspects of visual processing are known to change with increasing age. 1 Many of these changes can be attributed to optical or neural variations in the aging visual system. [2] [3] [4] [5] [6] For example, retinal illuminance decreases with age secondary to pupil miosis 7 and changes in the transmission spectra of the cornea and crystalline lens. 8 Changes in photoreceptor structure and density have also been demonstrated whereby rods have been reported to undergo morphologic changes, resulting in the convolution 9 and subsequent increase in the area of outer segments. 10 In a similar manner, cone morphology 11 and photopigment density 12 alter as part of the aging process. Lower rod 10 and cone density 13 has also been shown to be associated with age. Retinal ganglion cell (RGC) number is strongly correlated with age, as demonstrated in psychophysical, 14 histologic, 15 and imaging 16 studies. A neural reorganization at the level of the retina has also been observed with increasing age in the absence of pathology. 17, 18 In addition, Devaney and Johnson 19 reported approximately 50% of cortical neurons to be lost throughout life, with the ''quality'' of the remaining cells also being questioned. Although temporal resolution is known to be influenced by age, as evidenced by a decrease in critical flicker fusion (CFF) frequency in older individuals, 20 controversy surrounds the effect of age on the temporal summation of incremental aperiodic stimuli, such as those commonly used in clinical tests of the visual field. It is well known that, for a range of short duration stimuli, the product of stimulus luminance and duration is constant, with the result that energy remains constant at threshold. This relationship, described as complete temporal summation, is governed by Bloch's law. 21 The point at which this reciprocal relationship breaks down is called the critical duration and may be influenced by a variety of factors including stimulus area, 22, 23 background luminance 22 and psychophysical task. 24 The physiological basis of temporal summation and the critical duration does, however, remain a matter of debate within the literature. It has been hypothesized that photoreceptors, 25, 26 RGCs, 27,28 and higher visual areas 29, 30 each play a role in the integrative process. Battersby and Schuckman 31 proposed that temporal summation is likely mediated by a synthesis of photochemical, neuroretinal and central processing, rather than reflecting function at a single locus in the visual pathway. As each of these anatomic loci has been shown to undergo age-related degradation in an otherwise healthy visual system, one may hypothesize that temporal summation, specifically the critical duration, might also be associated with age to maintain a constant signal-to-noise ratio.
A number of investigators have examined the effect of subject age on temporal summation, with vastly conflicting results. Fulton et al. 32 reported the critical duration to be shorter in a group of dark-adapted 10-week-old infants compared with adult participants, when estimated using the amplitude of the b-wave component of ERG traces. This difference was attributed to an immaturity in the rod pathway in infants. Conversely, Eriksen et al. 33 reported the critical duration for an orientation resolution task using a Landolt-C stimulus to be greater in participants aged 50 to 55 years compared with those aged 30 to 35 years. Using sinusoidal gratings of varying contrast and fixed spatial frequency (7.5 and 0.42 cyc/deg), Sturr et al. 34 reported no difference in the critical duration between young (mean: 25 years) and old (mean: 66 years) observers in a detection task. A later study by Dannheim and Drance, 35 using achromatic perimetric stimuli of diameter 0.758 and a background of 3.2 cd/m 2 , also reported the shape of temporal summation functions to be independent of age at a variety of locations across the central visual field. However, no estimates of the critical duration were generated in the study.
Knowledge of the critical duration and how this varies with increasing age is of importance for the selection of an appropriate stimulus duration for use in standard automated perimetry (SAP). 36 Currently, stimulus durations in the range 100 to 200 ms are used based upon assumptions about the course of temporal summation for perimetric stimuli and the minimum latency of voluntary saccadic eye movements. 37 Specifically, it is suggested that the critical duration remains constant at 100 ms with no summation occurring after this point. 38, 39 Thus, contrast thresholds have traditionally been assumed to be independent of the effects of stimulus duration for stimuli > 100 ms duration. It has also been assumed that observers cannot initiate a saccade to view a stimulus presentation foveally when stimulus presentation duration is 200 ms. Recent work of ours 40 has, however, demonstrated that the critical duration for a 0.488 diameter near-Goldmann III (GIII) stimulus under the conditions of SAP is probably significantly shorter than 100 ms, with partial summation being measureable for stimuli of duration 100 to 200 ms at 8.88 eccentricity in the visual field. No previous work has yet examined the effect of age on the temporal summation of SAP stimuli.
The aim of this study was to investigate the temporal summation of GIII stimuli in subjects of varying age, under the conditions of SAP. Knowledge of how temporal summation might change in healthy participants with increasing age is important for the appropriate selection of stimulus duration in SAP. It will also facilitate a comparison with any changes that may occur secondary to disease such as glaucoma (see accompanying paper 41 ).
METHODS Participants
Twenty-seven volunteers ranging in age from 24 to 80 years (mean: 55 years, SD: 10 years) were recruited for this study. Twenty-four of these participants were recruited and tested at Moorfields Eye Hospital (MEH), London, with the remaining three participants being recruited and tested at the University of Ulster, Coleraine (UUC). All had intraocular pressures within normal limits ( ‡11 mm Hg and 21 mm Hg) and no detectable ocular disease. Peripapillary retinal nerve fiber layer thickness was within normal limits in both eyes (Spectralis optical coherence tomographer; Heidelberg Engineering GmbH, Heidelberg, Germany). Spherical refractive error was within 66.00 diopters (D) in any meridian with astigmatism 2.0 diopters cylinder. Corrected visual acuity was 20/20 (6/6) or better in the test eye for all participants. The data for a selection of subjects (n ¼ 15) recruited and tested in this study were also used as control data in the accompanying paper examining temporal summation in glaucoma. 41 Ethical approval for this study was gained from the London Central NRES Committee and the University of Ulster Biomedical Sciences Research Ethics Committee. Informed consent was obtained from each participant prior to data collection and the study conformed to the tenets of the Declaration of Helsinki.
Apparatus and Stimuli
Stimuli were generated on a c-corrected 21'' achromatic CRT monitor (Phillips FIMI MGD-403, pixel resolution 976 3 1028; frame rate 121 Hz, MEH site; Ampronix, Irvine, CA, USA) or a ccorrected 21'' CRT monitor (Sony GDM F500-PST, pixel resolution 700 3 800; frame rate 120 Hz, UUC site; Sony Corp., Tokyo, Japan;) with a stimulus generator (ViSaGe MKII; Cambridge Research Systems, Rochester, UK) and the CRS toolbox (version 1.27) for MATLAB (version R2011a, MathWorks, Inc., Natick, MA, USA). The background luminance of each monitor was 10 cd/m 2 , with the maximum luminance of stimuli being 366 and 90 cd/m 2 for the Phillips and Sony monitors, respectively. The chromaticity coordinates of both the background and stimulus were x ¼ 0.258 and y ¼ 0.257, as measured with a spectrophotometer (ColorCal-II; Cambridge Research Systems, Rochester, UK). Refractive error was determined foveally for the viewing distance using retinoscopy, followed by subjective refinement by an experienced optometrist after pupil dilation ( ‡7 mm) in the test eye using tropicamide hydrochloride 1%. Full-aperture trial lenses were used where refractive correction was required. During each test, participants placed their chin in a rest and forehead against a bar to view the CRT display at a distance of 60 cm in an otherwise darkened room. Responses were collected with a response pad (Cedrus RB-530; Cedrus Corp., San Pedro, CA, USA).
Temporal summation functions were generated for a stimulus close in size to a GIII stimulus (diameter 0.488). To achieve this, contrast thresholds were measured for seven stimuli of different duration (1-24 frames, Bridgeman 42 duration: 1.8-191.9 ms), at 8.88 visual field eccentricity along the 458, 1358, 2258, and 3158 meridians.
Psychophysical Procedure
For each participant, all data were collected within a single 2.5-hour session, which included regular rest periods. To ensure each participant was familiar with the experimental apparatus and task required, a practice session was provided before commencing the psychophysical tests. Contrast thresholds were measured for each stimulus duration in separate, randomly ordered runs. In each run, thresholds were measured at each location with a randomly interleaved 1/1 staircase and a ''Yes/No'' procedure. Participants were asked to press a response button if a stimulus was detected. If a response was not collected within a specified window of 1.2 s following stimulus offset, it was assumed that the stimulus was unseen. After a ''seen'' response, stimulus contrast was decreased by 0.05 log units and after an ''unseen'' response, it was increased by 0.05 log units. Each staircase terminated after six reversals, with threshold taken as a mean of the final four reversal values. Threshold values corresponded to the 50% seen point on a psychometric function. 43 False positive catch-trials (0% contrast stimuli) were also presented during each test. A false positive rate exceeding 20% resulted in the data being discarded, the subject readvised, and that run repeated.
DATA ANALYSIS Stimulus Energy Calculation
Increment energy (DE, in cd/m 2 .s.deg 2 ) for each stimulus was calculated as the product of increment luminance (cd/m 2 ), stimulus duration (s) and stimulus area (deg 2 ). This calculation was performed using Equation 1 with luminance values collected using a ColorCal-II device (stimulus: L, background: L b ), the number of frames within the stimulus (f), the frame rate of the display (r) and stimulus area (A).
Stimulus Duration
The Bridgeman method 42 was used to estimate stimulus duration (t). This method measures stimulus duration from initial phosphor activation in the first frame to the last point of phosphor activity in the final frame of a presentation (Equation 2).
Previous work 44 has shown phosphor decay time (p) for the P45 phosphor used in this study (Phillips FIMI MGD-403 display) to be invariant with luminance output at 1.8 ms. For the purposes of this study, a constant value for p was used (1.8 ms).
Estimation of the Critical Duration
Temporal summation functions were generated for each test location in all participants. Iterative two-phase regression analysis (Levenberg-Marquardt estimation, performed in MAT-LAB) was used to estimate the critical duration. As part of this analysis, the slope of the first line in the function was constrained to zero in line with Bloch's law, with the second line slope and intercept free to vary. The point at which the two lines intersect was taken as the critical duration. Data were excluded from further analysis if the software failed to estimate the critical duration (due to high variability in threshold measurements), or if the estimated critical duration was less than the shortest stimulus duration presented. Data were also excluded if the maximum luminance output of the display was below the threshold for a given stimulus duration (i.e., a ceiling effect). In addition to analyzing individual test locations for each subject, temporal summation functions were also generated with mean data from all participants < 30 years (n ¼ 6) and those ‡ 60 years (n ¼ 6), respectively. For the purposes of statistical analysis, mean critical duration values were calculated for each hemifield (i.e., two values per subject). Where data for a given location were excluded from further analysis, the critical duration was taken as the estimate from the remaining location in that hemifield.
Analysis of the Effect of Age on Contrast Thresholds
The effect of age on energy contrast thresholds for both the shortest (1 frame) and longest duration stimuli (24 frames) was investigated using least-squares linear regression. The difference in the slope of linear regression functions was calculated and the statistical significance of this observed value examined using permutation analysis. 45 Briefly, this analysis involved the random reassignment of threshold variables (without replacement) to one of two groups each matched in sample size to the original test data. Regression analysis was again performed for the groups and the difference between slope values calculated. This was repeated 5000 times and a distribution of calculated difference values produced. A P-value was then generated for the observed test value based upon its position in the distribution.
RESULTS
A total of 108 localized temporal summation functions were generated in this study. The iterative two-phase regression analysis failed to produce a critical duration value in two data sets, owing to an abnormal spread of the data. Thus, these data were excluded. Example iterative temporal summation functions for individual test locations may be seen in Figure 1 .
Critical duration values are plotted as a function of age in Figure 2 . Least squares linear regression analysis revealed there to be a small but non-statistically significant association between the critical duration and age (superior: r 2 ¼ 9.1 3 10 À9 , P ¼ 0.99; inferior: r 2 ¼ 2.4 3 10 À5 , P ¼ 0.98). Also, no notable difference in the shape of temporal summation functions is observed when comparing the average functions for the youngest (<30 years) and oldest ( ‡60 years) subject groups in Figure 3 . Median critical duration estimates for each age group may be seen in the Table. Although no association between temporal summation and age was observed, there was a statistically significant increase in threshold energy values for both the shortest (superior: r 2 ¼ 0.48, inferior: r 2 ¼ 0.55, both P < 0.001) and longest (superior: r 2 ¼ 0.51, inferior: r 2 ¼ 0.43, both P < 0.001) stimulus durations, with increasing age (Fig. 4) . Interestingly, there was no statistically significant difference in the slope of the linear regression lines for both the shortest and longest duration stimuli when plotted as a function of age, examined using permutation analysis (superior: P ¼ 0.91, inferior: P ¼ 0.81). If a difference in summation were to be seen with age, the relationship between threshold and age for the longest and shortest stimuli would not be equal (i.e., a statistically significant difference in slopes would be observed).
DISCUSSION
We observed no statistically significant association between the critical duration and age for a near-GIII (0.488) stimulus, under the conditions of SAP. This is in agreement with previous work, 34, 35 albeit under experimental conditions closely matching those used in clinical tests of the visual field. This absence of change is observed despite a significant increase in contrast threshold for all stimulus durations and the optical and neural changes that occur in the aging eye.
The physiological underpinnings of temporal summation are a matter of significant debate within the literature. Current hypotheses suggest that the critical duration is determined by a combination of processing at the level of photoreceptors, RGCs, and cortical areas. 31 As each of these regions is potentially disturbed in the aging process, it is somewhat surprising that no trend toward increasing temporal summation is observed. Despite this, significant questions remain as to why temporal summation is invariant with subject age in healthy observers. Considering first summation at the level of the retina, it has been suggested that the action of light on photopigments and not photoreceptor structure is associated with temporal summation. 25, 46 Thus, should the volume and molecular structure of photopigments remain constant with increasing age, it is conceivable that no change in temporal summation will be found, irrespective of any morphologic changes in photoreceptor structure. Using a radioimmunoassay, Plantner and Barbour 47 found the quantity of rhodopsin to be invariant of age and sex. In studies of retinal densitometry, no difference was observed in rod 48 or cone 12,49 photopigment density with increasing subject age, though these findings have been contested. 50 Schefrin et al. 51 hypothesized that the volume of rhodopsin remains invariant with age, despite age-related rod loss as a result of an increase in the area of outer segments to occupy the space vacated by necrotic rods. 10 The time taken for photopigment regeneration following deisomerization is also thought to remain constant throughout life in the healthy visual system. 12 Evidence for intact rod photoreceptor function with age may also be observed in the constant a-wave amplitude from scotopic ERG traces in participants aged 10 to 70 years. 52 The loss of retinal ganglion [14] [15] [16] and cortical cells 19 with increasing age does not appear to influence temporal summation in healthy observers. A number of explanations may be proposed for this finding. The first centers on the size of the stimuli used in relation to the area of complete spatial summation, or Ricco's area. 53 Previous work 54, 55 has shown that the area of the stimulus (0.18 deg 2 ) used in this study is likely to be larger than Ricco's area in healthy observers at the test locations examined. Considering this evidence, it is possible that our choice of stimulus area may cause subtle variations in both partial and complete temporal summation to be unobservable. Such spatiotemporal interactions have been proposed by previous authors, 56, 57 while Owen 58 suggested that true complete temporal summation may only be seen with stimuli smaller than or equal to Ricco's area. Wide angle light scatter, and thus the projected area of a stimulus on the retina, is known to increase with age. 59 As the effective stimulus area is increased, there is the potential for the critical duration to be artificially reduced, therefore masking any changes in temporal summation that might otherwise be observable as a result of age-related neural loss. To date no study has tested this hypothesis using an adaptive optics system to minimize the aberrative effects of the eye's optics. Increased forward light scatter has also been put forward as a possible explanation for an unobservable age-related change in the area of complete spatial summation (Ricco's area) in healthy observers, based on an equal and opposite effect of simulated neural and optical aging (Ref. It has previously been hypothesized that temporal summation is at least partly moderated by means of filters at the level of the visual cortex. 30 Considering the presence of such filters, a simple explanation may be that the tuning of temporally selective cells in the visual cortex is unaffected by aging. This hypothesis is interesting, given the suggestions that both the CFF frequency 60 and perceptual mechanisms related to the detection of moving stimuli 61 (both of which are thought to be reflective of temporal processing in the cortex) vary as a function of age. It is also possible, however, that a neural remodeling occurs in the cortex secondary to cell loss in lower regions of the visual pathway. Such alterations in structure have previously been demonstrated in animal models. Gilbert and Wiesel 62 induced scotomata in the visual field of monkeys and cats through the application of laser burns to the retina and found an immediate increase in the receptive field diameter of the remaining cortical cells near the edge of the scotoma. This adaptive response was attributed, in part, to synaptic reorganization in the cortex. Although such alterations may be limited to increasing the spatial projection of cortical receptive fields following cell loss, it is possible that similar synaptic changes develop to maintain constant temporal summation throughout life.
The results of this study suggest that the use of presentation durations in the range of 100 to 200 ms will have no influence on the ability of SAP to detect age-related changes in visual sensitivity in the absence of pathology. In other words, for all stimulus durations examined in this study, there was no difference in the vertical separation of the summation functions for the youngest and oldest observers (Fig. 3) . This result is similar to that reported by Dannheim and Drance 35 for an achromatic 0.758 stimulus presented on a 3.18 cd/m 2 background. In selecting an appropriate stimulus duration to optimize the sensitivity of SAP to detect ocular disease, it is essential that any change in temporal summation as a result of the disease process be quantified.
CONCLUSIONS
No variation in temporal summation was detected with increasing age for achromatic spot stimuli. This observation may at least be partly explained by the interaction of spatial and temporal processing, optical changes or possibly a neural reorganization in the aging visual system. Although age-related changes in the architecture of the retina and higher visual areas do not appear to influence temporal summation, it is currently unclear if pathologic processes such as glaucoma disrupt this aspect of temporal visual function. This is investigated in the accompanying paper. 41 
